INTRODUCTION
The COP9 signalosome (CSN) is a nuclear-enriched multiprotein complex identified in genetic screens that sought to isolate constitutive photomorphogenic/detiolated/fusca (cop/det/fus) mutants in Arabidopsis (7, 81) . The COP9 signalosome was later found to be important for overall plant development and to be evolutionarily conserved from plants to animals (82) . Indeed, the COP9 signalosome can be found in most eukaryotes, from Saccharomyces pombe to human, with the exception of Saccharomyces cerevisiae, which contains only one subunit of the complex, CSN5 (53, 63) . There have been several recent reviews on the COP9 signalosome (63, 83) . Here, we focus on the most recent advances on the physiological and molecular function of the COP9 signalosome.
THE DISCOVERY OF THE COP9 SIGNALOSOME AND THE FAMILY OF THE COP/DET/FUS GENES
The cop/det/fus mutants were isolated in Arabidopsis as mutants that exhibit a photomorphogenic phenotype in complete darkness (8, 14, 39, 52, 80) . As shown in Figure 1a , top, Arabidopsis seedlings follow two different developmental patterns: photomorphogenesis in the light and skotomorphogenesis or etiolation in darkness (34). The cop/det/fus mutants are characterized by a complete photomorphogenic phenotype, regardless of the light conditions used (81) (Figure 1a , bottom). Their dark-grown phenotype includes a photomorphogenic growth pattern, chloroplast development, and constitutive expression of light-inducible genes. The COP/DET/FUS genes can thus be defined as negative regulators of photomorphogenesis, because their absence leads to photomorphogenic development, even in darkness (Figure 1b) . However, closer analysis of their mutant phenotype immediately suggests that these genes should be regarded as general regulators of plant development, and not only of photomorphogenesis. Indeed, all severe cop/det/fus mutations lead to lethality shortly after two weeks post-germination and the transition from young seedlings to the adult plant is never achieved. This is reflected at the molecular level by the de-repression of other genes, in addition to those that are light inducible (50) .
The cop/det/fus mutants share a very similar phenotype, suggesting that their corresponding gene products might be part of the same multisubunit complex or otherwise act in close proximity. One of the early COP/DET/FUS loci to be cloned, COP9, was found to encode a subunit of a novel nuclear complex of approximately 450 kDa, initially named the COP9 complex (79) . Purification of this complex, followed by immunoprecipitation experiments, indicated that it also contained another COP/DET/FUS protein, COP11, as well as AJH1/2, the Arabidopsis homologue of the mammalian JAB1 (Jun Activation Domain Binding protein 1) (7, 9, 40, 69) . Antibodies raised against the three identified subunits then made it possible to purify the complex to near-homogeneity using immunoaffinity techniques (67) . This, together with the cloning of the additional genes responsible for the cop/det/fus mutations, further extended the notion that their corresponding proteins act in similar cellular pathways, providing insights into the composition of the complex and on possible functions of its constituent subunits. At present, ten COP/DET/FUS loci have been identified in Arabidopsis, nine of which have been cloned (Table 1) .
ARCHITECTURE OF THE COP9 SIGNALOSOME

Subunits Composition
As shown in Table 1 , six of the COP/DET/FUS loci identified so far encode subunits of the COP9 signalosome (CSN). CSN is composed of eight distinct subunits, which are designated CSN1 to CSN8, in the order of ascending molecular weight (79) of the mammalian subunits (Table 2) (15, 67, 84) . The similarity of the Arabidopsis subunits to their human counterparts is high, ranging from 32% to 62% identities over the entire length of proteins, implying that the complex could have conserved function in different organisms. Only two CSN subunits, CSN5 and CSN6, are not represented by any of the COP/DET/FUS loci. This is because, unlike the single genes encoding each of the other six subunits, both CSN5 and CSN6 are present in Arabidopsis in two isoforms that are encoded by two distinct and functionally redundant genes (40, 58) . Importantly, CSN accumulates at detectable levels in the cell only if all eight subunits are present. The absence of any one subunit tends to lead to the absence of the entire complex, which seems to account for the similarity in the phenotype of the CSN subunit mutants in Arabidopsis (83) . This feature has been employed to generate csn mutants in organisms other than Arabidopsis, such as fission yeast and Drosophila (19, 53) . The absence of a properly formed complex leads to cell cycle arrest in Saccharomyces pombe, whereas the loss of the complex leads to growth arrest between the second and third instar stages in Drosophila (19, 53) . These findings, together with the striking conservation of the complex architecture in organisms so distantly related, point to a very central role of CSN in the cellular process.
PCI and MPN Motifs: A Common Feature of the COP9 Signalosome and the Lid Subcomplex of the Proteasome
All eight CSN subunits from human and Arabidopsis have been cloned and characterized (see Table 1 for references). None of the CSN subunits shares any homology with known proteins that would suggest a particular enzymatic activity, or a molecular function. However, a striking feature, which has been conserved during evolution, is the presence in the subunits of one of the two following motifs: PCI (from Proteasome, COP9, Initiation factor 3) or MPN (from Mpr1p and Pad1p N-terminal) ( Table 2 ) (26) . The PCI domain has an α-helical structure, it is generally localized at the C terminus of the protein, and it appears to be important for proper complex assembly (72) . The MPN domain is predicted to have an α/β structure, it is generally positioned at the N terminus of the protein and its function is still unknown, although it has been shown to be critical for proper protein contacts (20) . These two motifs are found elsewhere in certain proteins, most of which are components of large multisubunit complexes, and thus could possibly serve as scaffolds for protein-protein interactions. Two other cellular complexes that contain a number of proteins sharing the PCI and MPN motifs are the translation initiation factor 3 (eIF3) and the lid of the proteasome (35) . The human eIF3 contains roughly 10 subunits, binds to the ribosome, and serves as an organization point for the binding of mRNA as well as proteins that trigger the initiation of protein translation events (1) .
The lid is a subcomplex of the 26S proteasome that, together with the "base" subcomplex, constitute the 19S regulatory complex (RP). The 19S RP is necessary for the recognition of the polyubiquitin chain and the unfolding and channeling of the tagged protein to the 20S Core Particle (CP) of proteasome for degradation (22) . The lid is the part of the RP that is most exposed to the solvent, and therefore is an ideal candidate to interact with other cellular factors or substrates.
The similarity between the lid and the CSN goes beyond the fact that they contain similar motifs. Both complexes have a similar internal structure and are composed of eight subunits, six with PCI motifs and two with MPN motifs (20, 83) . Moreover, the eight subunits of CSN and the eight subunits of the lid are paralogous to each other, in a one-to-one relationship (84) . This observation suggests that CSN might be able to replace the lid, thus forming a specialized "COP9 signalosome proteasome" or "CSN-proteasome," which would serve to degrade a specific spectrum of substrates (63) . Some indirect evidence, such as CSN and the proteasome association in co-immunoprecipitation experiments (G. Serino & X.W. Deng, unpublished data) and CSN subunits directly interacting with subunits of the 19S regulatory particle of the proteasome (41) , are consistent with this hypothesis. However, further experiments are required to substantiate this notion.
The hypothesis of a CSN-proteasome is not completely unexpected. Several lines of evidence suggest a function for the CSN complex in protein degradation, and more specifically in the proteasome-ubiquitin pathway. Some of this evidence is discussed in more detail below.
CSN REGULATES MANY OTHER ASPECTS OF PLANT DEVELOPMENT IN ADDITION TO PHOTOMORPHOGENESIS
The early lethality of the CSN mutants recovered through the genetic screens mentioned above prevented CSN function from being studied past seedling stage. To circumvent this problem, a number of Arabidopsis transgenic lines have been generated, which contain reduced levels of CSN and can be considered partial loss-of-function mutants (58, 59, 64, 77) . In the lethal null csn mutants, the loss of one subunit leads to loss of the whole complex. Similarly, in the CSN reductionof-function lines, the reduction in the cellular level of one subunit leads to a reduction in the level of CSN. These CSN transgenic plants, unlike the early lethal csn mutants, are viable and can survive to the adult stage. Thus they can be subjected to in-depth phenotype analyses to examine which other cellular and physiological processes require CSN function. Reduction-of-function lines for the subunits CSN1, CSN3, CSN5, and CSN6 have been generated in Arabidopsis (58, 59, 64, 77) . Remarkably, each independent transgenic line segregates a number of different phenotypes, and the individual progeny of the same plant often exhibits distinct phenotypes as well. However, for a given subunit that is reduced in its expression, the spectrum of the phenotypes that can be obtained is relatively constant. Nonetheless, there are clear differences in the spectra of phenotypes for the reduction-of-function strains of distinct subunits. The phenotypic alterations of CSN reduction-of-function plants include, in addition to an altered photomorphogenic response, other defects ranging from altered response to plant hormones to morphological abnormalities at several developmental stages ( Figure 2 ). Among the most common defects, these plants display altered auxin responses. (Figure 2h ). This pleiotropy of phenotypes in CSN reduction-of-function lines could be explained if the CSN cellular activity affected multiple pathways. Reduced levels of CSN would therefore impair many aspects of plant development. However, although some common phenotype traits were observed among multiple subunit reduction-of-function lines, there were phenotypes unique to the specific subunit that is silenced. This suggests that it is possible to discriminate among functions that are carried out by the whole complex and functions that are specific to the single subunits.
CSN REGULATES PLANT DEVELOPMENT THROUGH THE CONTROL OF UBIQUITIN-PROTEASOME-MEDIATED PROTEIN DEGRADATION
The CSN reduction-of-function lines mentioned above contain higher levels of ubiquitylated proteins than wild type (58) . Some of the defect in plant development for these lines could therefore be related to defects in ubiquitin-mediated protein degradation processes. Consistent with these data, a number of recent reports point to a role of CSN in the regulation of the activity of several E3 ubiquitin ligases (2, 46, 64, 65, 77) . E3s are enzymes that are required, in an enzymatic cascade that includes E1s (ubiquitin-activating enzymes) and E2s (ubiquitin-conjugating enzymes), to attach a polyubiquitin chain to substrates targeted to degradation by the proteasome (61) . The organization of this cascade is hierarchical: the Arabidopsis genome contains two E1 genes, 36 E2 genes, and a much larger number of E3 genes (3, 21) . Each E3 cooperates with one or a few E2s by direct interaction. Based on the interface used to bind the E2, the E3 enzymes can be subdivided in two groups: HECT (Homologous to E6-AP carboxyl terminus) domain E3s and RING finger domain E3s (61) . Evidence is accumulating that some of the defects observed in the genetic and transgenic csn mutants are caused by the uncoupling of the ubiquitylation machinery from the subsequent proteasomal degradation. This is discussed in detail below.
CSN ACTS TOGETHER WITH COP1 AND COP10 IN THE REPRESSION OF PHOTOMORPHOGENESIS
Three other members of the COP/DET/FUS class of genes are COP1, COP10, and DET1 (see Table 1 ). These genes do not encode components of CSN, and their corresponding mutants contain normal cellular levels of the CSN complex. However, genetic and biochemical evidence indicates that COP1, CSN, COP10, and DET1 cooperate to induce degradation of positive regulators of photomorphogenesis, such as the transcription factors HY5 and HYH (29, 56) . Although DET1 is a nuclear protein whose biochemical role is still unclear, COP1 is a RING-finger protein and a likely part of an E3 ligase activity (56) . A putative additional component of the COP1 E3 activity is the COP1-Interacting Protein 8 (CIP8). The CIP8 protein contains a RING finger, binds to the RING finger of COP1 and interacts in vitro with the E2 enzyme AtUbc8 (25, 71) . The COP1-containing E3 is responsible, together with CSN, COP10, and DET1, for triggering the proteasome-targeted degradation of HY5 and possibly of other transcription factors necessary for the expression of light-induced genes (29, 56) . In light conditions, COP1 is in the cytoplasm, and HY5 is accumulated in the nucleus and able to promote light-induced gene expression. In the dark, COP1 accumulates in the nucleus, where it binds HY5 and promotes its degradation (55, 56) . In csn, det1, or cop10 mutants, COP1 fails to accumulate in the nucleus regardless of the presence or absence of light and thus HY5, and presumably other related transcription factors, cannot be degraded, giving rise to the constitutive photomorphogenic phenotype (28, 55, 56) .
Recent data have shown that COP10 can interact with both CSN and the RING finger of COP1 (70) . Interestingly, COP10 encodes an E2 ubiquitin-conjugating enzyme variant, where the cysteine residue of the canonical E2 catalytic domain is replaced by a serine (70) . This feature is shared by other E2 enzymes, which, although inactive by themselves, can function in association with other E2 enzymes and catalyze the formation of unusual ubiquitin chains (27) . Indeed, COP10 is a component of a nuclear complex (70) . This complex might also contain an E2 enzyme itself (Figure 3a) or it might interact with an E2 enzyme recruited to the complex by CIP8 (Figure 3b) . CSN, COP1 complex, COP10 complex, and presumably other factors such as DET1 might constitute a novel degradation system necessary to repress photomorphogenesis in the dark (25, 60) . The biochemical characterization of the COP10 complex components should shed light on the molecular mechanisms of this novel regulation system.
CSN INTERACTS WITH AND REGULATES SCF UBIQUITIN LIGASES AND THEIR ASSOCIATED DEVELOPMENT PROCESSES
Among the RING E3s, the SCF (Skp1, Cdc53/Cullin, F-box protein) class represents one of the best characterized. SCF ligases are composed of four core subunits: the cullin subunit CUL1; a SKP1-like adaptor protein; an F-box domain-containing protein that binds the substrate to be degraded; RBX1, a small RING-finger protein that interacts with the cullin and the E2 conjugating enzyme (16) . SCF complexes are involved in a wide range of processes, from cell-cycle progression to signal transduction and transcription regulation (16, 74) . The structure of a CUL1-RBX1-SKP1-F-box complex has recently been determined. The complex has an elongated shape, with the cullin subunit forming the scaffold and RBX1 and the SKP1-F-box complex segregated to opposite ends (89) . Six different cullins exist in human (36) , and at least six cullins can be found in Arabidopsis (66). Although only cullin 1 (CUL1) is known to bind the SKP1/F-box complex, all cullins are able to bind the RING finger protein RBX1 (51, 54) . RBX1 and the cullin subunit constitute conserved heterodimeric cores, which interact with distinct substrate-recognizing units (such as SKP1/F-box complex) and form a wide array of ubiquitin ligase complexes (54) .
It has recently been reported that SCF complexes from both mammals and plants can interact with CSN (48, 64) . This interaction is direct, since specific subunits of SCF complexes interact directly with subunits of the CSN. In particular, cullin 1 interacts with CSN2 and RBX1 interacts with CSN6 (48, 64) . Because cullin 1 and RBX1 are subunits common to all SCF complexes, CSN has the potential to regulate virtually all E3 ligases belonging to the SCF class. There are about 700 F-box proteins in Arabidopsis (21) , and thus at least 700 SCF ubiquitin ligases that could be potentially regulated by CSN. CSN may be able to regulate other cullin-containing E3 ligases as well since it interacts with all cullins tested so far in mammals, fission yeast, and Arabidopsis (48, 64, 66, 90) . In plants, several developmental processes have been shown to be regulated by the SCF-CSN interaction and are detailed below.
Auxin Response
In Arabidopsis a specific E3 ligase, SCF TIR1 (the superscript denotes the F box subunit TIR1), and its modification by the ubiquitin-like protein RUB1/NEDD8 (from Related to Ubiquitin/Neural precursor cell-Expressed Developmentally Downregulated gene 8) have been implied as central players in the response to the plant hormone auxin (Figure 4a) (11, 13) . SCF TIR1 core components are the cullin AtCUL1, the SKP1 homolog ASK1, and the RING-finger protein AtRBX1 (23, 65) . According to the current model, in the absence of auxin the transcription factors belonging to the ARF (Auxin Response Factor) class are made inactive owing to their interaction with proteins belonging to the AUX/IAA (Auxin/IndoleAcetic Acids) family (75) . In the presence of auxin, the AUX/IAA proteins are ubiquitylated by SCF TIR1 and thus targeted to degradation (24). ARF transcription factors are then allowed to dimerize and promote the transcription of downstream genes involved in auxin response (75) . Some ARF proteins function as transcriptional repressor rather than as activators (not shown in the figure) (75) . In that case, their interaction with AUX/IAA proteins would have a positive effects on transcription of downstream genes and CSN/SCF would be needed in order to switch off their expression. Another key component of the auxin-response system is the ubiquitinlike protein RUB1 (r in Figure 4a ), which enhances SCF ubiquitylating activity once it is attached to AtCUL1 by a bipartite AXR1/ECR1 (auxin resistant 1/ E1 c terminus related 1) enzyme (11) .
Recently, it was shown that CSN5 reduction-of-function lines display a phenotype similar to that of the axr1 mutant and slower degradation rates of AUX/IAA proteins (61) . Further, a physical and regulatory interaction between CSN and SCF TIR1 was demonstrated (64) . Taken together, these data suggest that CSN directly interacts with SCF TIR1 and is necessary for the proper degradation of AUX/IAA proteins mediated by the SCF TIR1 complex (Figure 4a ).
Jasmonic Acid Response
Plant response to the hormone jasmonic acid (JA) also requires CSN activity. JA is involved in a number of plant responses to biotic and abiotic stress, including response to pathogens (73) . Although the molecular events that lead to JA formation and perception are still not completely understood, the Arabidopsis F-box protein COI1 (coronatine insensitive 1) is one of the key components required for mediating the JA response (86) . COI1 is a protein structurally related to TIR1, and it has been hypothesized that COI1 is the F-box subunit of a putative SCF COI1 complex (12) . Consistent with this idea, COI1 has been shown to bind the SKP1 homologues ASK1 and ASK2 and AtCUL1, suggesting that it could form a specific SCF complex necessary for JA response (87) . This is also confirmed by the results obtained from Arabidopsis plants directed to produce reduced cellular levels of AtRBX1. These plants have decreased SCF activity and display several abnormalities, among which is a lower sensitivity to the root inhibition stimulus by JA and failure to express JA-regulated genes, such as the VEGETATIVE STORAGE PROTEIN (VSP) gene (5, 65, 87) .
A careful analysis of CSN reduction-of-function lines showed defects in JA response similar to that in the AtRBX1 transgenic plants (65) . Furthermore, SCF COI1 and CSN have been shown to interact in coimmunoprecipitation experiments (S. Feng & X.-W. Deng, unpublished data). Taken together, these findings suggest that JA-mediated responses require cooperation between SCF COI1 and CSN. Similar to auxin response, it may well be that SCF and CSN activity are both required for the ubiquitin-targeted proteolysis of yet-uncharacterized repressors of JA induced genes (Figure 4b ).
Flower Development
Proper floral pattern formation in Arabidopsis requires the coordinated activation of a number of flower identity genes (31) . In particular, the genes APETALA3 (AP3) and PISTILLATA (PI ) are required to specify petal and stamen identities and are under the direct control of the floral meristem identity gene LEAFY (LFY ) and UNUSUAL FLOWER ORGANS (UFO) (42, 62) . LEAFY encodes a transcription factor that positively regulates AP3 and PI expression (85) , whereas UFO is an F-box protein and an important coregulator of LFY (43, 62) . Recent data have shown that UFO can form a SCF UFO complex together with ASK1 and AtCUL1 (77, 88). Because a biochemical interaction between LFY and UFO has not yet been found, it is possible that SCF UFO targets either a repressor of PI and AP3 or a direct repressor of LFY activity to degradation (88) . CSN expression levels are particularly high in inflorescence and flower meristems, and both CSN1 and CSN6 reduction-of-function lines display a number of alterations in flower development. These phenotypes are also associated with decreased AP3 expression (77). Furthermore, genetic studies suggest that CSN, and specifically CSN1, is necessary for UFO-dependent activation of AP3 (77). Finally, CSN can coimmunoprecipitate with SCF UFO (77). Therefore, similar to its function in regulating SCF TIR1 activity, CSN could regulate SCF UFO and thus the degradation of repressors of LFY activity (Figure 4c) . Clearly, there are other defects in the flowers of CSN reduction-of-function lines that cannot be entirely explained by CSN regulation of SCF UFO activity (see Figure 2) . CSN is likely capable of regulating other specific factors beside UFO in modulating flower development.
Disease Resistance
The importance of CSN and protein degradation in disease response has also been investigated recently. A typical plant response to pathogen attack is the recognition of pathogen ligands by plant disease-resistance (R) gene products (4, 10). The RAR1 protein, which is downstream of multiple R genes, has been found to interact in the two-hybrid system and in vivo with the plant homologue of the yeast protein SGT1 (2, 46) . Consistent with these data, silencing of either one of these two proteins renders the cells more susceptible to specific pathogens. SGT1 has been found associated with SCF complexes as a positive regulator of E3 activity in yeast and human (37, 48) . In plants, SGT1 and RAR1 have been shown to associate with ASK1 and AtCUL1 (2, 46) . In the context of disease resistance, it is possible that RAR1 cooperates with a specific SCF complex and with SGT1 to target negative regulators of disease resistance for degradation. This would imply that protein degradation is a key component of disease resistance in plants. Surprisingly, both RAR1 and SGT1 can coimmunoprecipitate with CSN. Furthermore, silencing of either SGT1 or of CSN subunits in Nicotiana benthamiana leads to loss of the resistance to the Tobacco mosaic virus (TMV) (46) . Although the molecular data on the precise role of RAR1 and SGT1 are still lacking, it is conceivable that CSN regulates a novel E3 complex to promote ubiquitylation of still unknown targets in R gene-initiated signal transduction (Figure 4d ) . Recently, SGT1 has been found to be important not only for R gene-mediated responses, but also for responses that do not require the activity of R genes ("nonhost" resistance) (57) . Therefore, it would be worthwhile to test whether CSN is involved in a wide range of pathogen responses in plants.
IN SEARCH OF CSN BIOCHEMICAL ACTIVITY RUB De-Conjugation or De-Neddylation Activity
What is the biochemical consequence of the CSN interaction with the E3 ubiquitin ligases? As noted, cullins are the only proteins known to be modified ("neddylated") by RUB1/NEDD8, an ubiquitin-like protein (30, 47) . Unlike ubiquitylation, this modification itself does not target the proteins for proteasome degradation and is thought to play a regulatory function for the E3 ligase activity. A major breakthrough regarding the regulation of E3 function by CSN came from the discovery that cullins from csn mutants were modified by RUB1/NEDD8 differently from wild type (48, 64) . Null mutants of CSN displayed an overaccumulation of RUB1/NEDD8-conjugated cullins, whereas their wild-type counterparts contain a mixture of both neddylated and de-neddylated cullins (48, 64) . Further, purified CSN was found to have RUB1 de-conjugation or de-neddylation activity (48) . Thus, CSN, as part of its function, may exert negative control on the cullincontaining E3 ligases by promoting their de-neddylation or RUB1 de-conjugation. RUB1/NEDD8 conjugation has been found to enhance the SCF ubiquitylating activity by recruiting the specific E2 ubiquitin conjugating enzyme (33, 89) . It is therefore possible that CSN, by promoting the de-neddylation of the cullin, will promote the termination of the polyubiquitin chain formation on the substrate, triggering its release from the SCF complex and feeding into the proteasome. This hypothesis predicts that the E2-SCF complex, reportedly very unstable, would be stabilized in CSN mutants, and it could also partially explain the accumulation of polyubiquitylated proteins observed in CSN mutants (58, 59) . These products will be the result of a higher ubiquitylation activity due to constitutively neddylated SCF complexes. This is also consistent with the hypothesis that CSN itself can associate with or be part of the proteasome (63) . Thus, in the absence of CSN, the physical link between specific substrate-loaded SCF E3 ligases and the proteasome would be missing and the polyubiquitylated proteins would not be efficiently forwarded to the proteasome for degradation. A multicomplex association among proteasome, SCF complex, and CSN will ensure that both processes, ubiquitylation and degradation, are temporally and spatially coordinated. As depicted in Figure 5 , two distinct modes can be proposed. In one scenario (Figure 5a) , proteasome, CSN, and SCF start to interact with each other only during the substrate ubiquitylation and degradation process. Another possibility is that proteasome, CSN, and SCF constitute a supermolecular structure that is responsible for recruiting substrate for ubiquitylation and degradation (Figure 5b) .
Interestingly, a double mutant between a CSN reduction-of-function line (which is defective in de-neddylation) and axr1 (which is defective in neddylation) shows a synergistic effect in the phenotype, implying that both processes-neddylation and de-neddylation-are necessary for normal SCF TIR1 function and thus for proper auxin response in Arabidopsis (64) .
A recent interesting finding is that AXR1 function might be more general than previously reported (45) . We have recently shown that AXR1 is important for other E3-mediated processes and for the COP1/COP10/CSN-mediated repression of photomorphogenesis in the dark (65) .
Although these findings add to our understanding of CSN biochemical function, they do not address whether this is the intrinsic biochemical activity of the complex. At this point, it is also not clear whether cullin de-neddylation stems from the cooperation of multiple CSN components, or from recruitment of a de-neddylating enzyme, rather than from the activity of a single catalytic CSN subunit (90) . CSN5 is the most likely candidate for harboring a de-neddylating activity, as it contains a small protein domain typical of de-ubiquitylating enzymes (63) . However, free CSN5 is not sufficient for cullin de-neddylation (90) . Furthermore, the recent finding that, although it can bind all cullins, CSN is not required to de-neddylate all of them, suggests that CSN might regulate E3 ligases by different means (90) . De-neddylation could be just a part of CSN activity on selected targets, and the main regulation of E3 activity by CSN could be achieved by a different mechanism. Supporting this idea, a transgenic Arabidopsis line directed to produce a CSN missing the N terminus of CSN1 seems to have normal de-neddylation activity on cullins, but still displays photomorphorgenic defects and early lethality (78) . Therefore, the N-terminal domain in CSN1 is not required for the RUB1/NEDD8 deconjugation activity of cullins, although it contributes to other CSN functions that are essential for plant development. Hence, it cannot be ruled out that, in addition to de-neddylation, CSN might regulate E3 activity by other mechanisms. For example, CSN could function as a scaffold that integrates different biochemical activities within the protein degradation pathway, with the single subunits acting as "receptors" for binding substrates and/or specific enzymes. CSN could carry out these activities while directly replacing the lid of the proteasome (Figure 6 ) or by interacting with a fully formed proteasome.
Subcellular Localization of E3 Ligases
Another aspect of CSN activity is the control of the subcellular localization of its targets [for review, see (63) ]. There are several proteins whose localization is affected by the presence or absence of CSN: one of the best characterized is COP1 (56) . In the absence of CSN, COP1 cannot localize to the nucleus (7).
Although nucleo-cytoplasmic partitioning has been suggested as one of the mechanisms to control the activity of several additional E3 ligases, no direct link has been proven between the neddylation state of SCF and its nuclear localization or its ability to interact with CSN. To date, no major changes in the composition or in the subcellular localization of SCF-type E3 ligases have been found in CSN mutants (48) . This raises the possibility that CSN might control distinct E3 ligases differently.
CSN: A REGULATOR OF MULTIPLE E3 LIGASES
The genetic and biochemical relationship of CSN with diverse E3s such as COP1 and SCF complexes ( Figure 6 ) raises the hypothesis that CSN can be a general regulator of ubiquitin ligases. Regulation of proteolysis is recently emerging as one of the most important ways that has been adopted to control the life span of cellular proteins in plants, as well as in other organisms (18) . In addition to the regulation of the ubiquitin ligases, CSN most likely controls many other E3 activities. This assumption is based on the observation that many of the growth defects observed in CSN reduction-of-function plants cannot be explained by the known CSN/E3 interactions and still need to be investigated at the molecular level. The Arabidopsis genome initiative has shown that about 700 Arabidopsis proteins contain F-box, and 358 proteins contain a RING finger. Therefore, CSN has the potential to control many, if not all, of those E3 ligases, and thereby their mediated developmental processes (3, 21) .
CONCLUDING REMARKS
In this review we emphasize the importance of CSN in the regulation of proteasomemediated proteolysis. However, many questions remain, and further characterization of CSN function is still needed. For example, the contribution of each subunit to the overall complex activity needs to be investigated further. Some subunits likely have very specialized functions within the complex, whereas others are required for its core activities (78) . There are already indications that reduction of function lines for different CSN subunits have nonoverlapping phenotypes, implying a distinct function of the single CSN subunits (58, 59, 64) . Therefore, it may be possible to modulate the CSN function by engineering specific individual subunits (90) .
On the other hand, the specificity of CSN's involvement in protein degradation needs to be addressed further. For example, CSN activity is dispensable for degradation of the plant phytochrome A, known to be degraded by the ubiquitin/proteasome pathway (59) . The identification of the E3 responsible for PHYA degradation will help elucidate whether the specificity of CSN activity is achieved at the level of substrate, E3, or CSN. There are many new challenges ahead in the quest to understand how CSN works. is not yet loaded with the specific substrate. This model suggests that at this stage the SCF complex already includes the specific F-box protein. However, another hypothesis is plausible, in which the F-box protein binds the substrate first and then the core SCF complex subunits. 2. Upon binding the substrate, the cullin subunit is modified by NEDD8/RUB1 (r) and can thus bind the specific E2. 3. The first ubiquitin is covalently attached to the substrate, with the process continuing until a polyubiquitin chain is formed. 4. CSN proteasome binds to the complex, triggering the deneddylation of SCF, the release of the polyubiquitylated substrate, and the recruitment of the substrate by the proteasome. 5. The substrate is degraded as a consequence, CSN, SCF, and the proteasome detach from each other. (b) SCF, CSN, and the proteasome constitute a super complex, which acts as a spatial location for all steps of the protein degradation process. Abbreviations: 20S CP: proteasome 20S catalytic particle; 192 RP: proteasome 19S regulatory particle. 
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